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ABSTRACT 

The errors generated by the recovery of data acquired by a voltage- 
to-frequency (V/F) data acquisition system are theoretically analyzed, 
using a digital computer.   The input waveforms considered are the 
sinusoid, the step function,  and the ramp function.   In each case, the 
well known "sampling theorem" of C. E. Shannon, viz, two samples 
per period of the smallest period present in the signal are sufficient 
for recovery of data with perfect fidelity, will be shown to be inapplicable 
as a criterion for accurate and reliable recovery of data acquired by a 
V/F system.   The errors are of two categories:   One is the error 
from linear interpolation recovery, and the other is from the fact that 
data points do not always coincide with the input.   The sinusoid analysis 
reveals that a sampling rate of 11.4 summing intervals per period is 
required to assure 5 percent or less error.   The step function analysis 
shows that the errors are independent of sampling rate; however, its 
response time is approximately equal to the summing interval.    The 
analysis of the ramp function indicated that the ratio of ramp rise time 
to summing interval must be five or greater to assure 5 percent or less 
error.   These criteria are unique to each case, and in the case of the 
sinusoid,  are many times larger than the criterion of the "sampling 
theorem." 

HI 
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f Frequency, Hz 

Int (  ) Integer part of 

K Synchronization parameter for step and ramp input 

Ky Gain of V/F converter (pulses/sec-v) 

m Summing intervals per period of sinusoid 

N Output counts of V/F converter in T seconds 

n Number of arbitrary summing interval 

T Period of sinusoidal input, sec 

Tj) Time delay, sec 

t Time 

V Voltage 

a Argument of Eqs.  (11) and (21) 

ß Ratio of ramp rise time to summing interval 

A (   ) Change in 

Mi Step function 

A* 2 Ramp function 

T Length of summing interval, sec 

^ Synchronization parameter for sinusoidal input 

SUBSCRIPTS 

i Input 

max Maximum value 

min Minimum value 

n Value in summing interval number n 

o Output 
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SECTION I 
INTRODUCTION 

Data acquisition relies heavily on the process of sampling and repre- 
senting a continuous time function in terms of discrete time samples. 
Numerous methods and systems to accomplish this are in existence and 
have their own uniquenesses.   However, all of these methods and sys- 
tems have a common basis that justifies the representation of a continu- 
ous variable by discrete samples, and that is the sampling theorem. 

The sampling theorem, though known and used much earlier, is 
widely attributed to C. E. Shannon (Ref.  1).   It may be stated as follows: 

"2/T samples per second suffice to represent perfectly and 
permit perfect recovery of a time function provided that the 
time function contains no periodic components of period less 
than T seconds." 

However, the data recovery from an integrating system such as the 
voltage-to-frequency data acquisition system when used as a sampling 
system, i. e., used to recover the actual waveshape, does not have a 
direct application through the sampling theorem. 

This investigation is a derivation of the number of integrating 
intervals required to accurately reconstruct an input using linear inter- 
polation of the data points obtained from an integrating data acquisition 
system.   Assuming that an error also exists at the data points, the 
analysis will include both a determination of data point error and linear 
interpolation error.   Error will be the absolute value of the difference 
of the input and the representative output at a given time as a percentage 
of the maximum magnitude of the input.   This is a modification of the 
definition of deviation as defined in Ref.  2, page 209. 

Three ideal signals will be treated theoretically:   sinusoid, step, 
and ramp.    The digital computer will be used to simulate this type of 
data recovery, and the maximum error for various parameter configura- 
tions will be determined.    From this, the limits of the parameters for 
accurate (5 percent) recovery can be determined. 

Experimental verification of the error analysis for the sinusoid was 
ormed using the VIDAR® voltage -to -f re 

tern in the Large Rocket Facility at AEDC. 
performed using the VIDAR® voltage-to-frequency data acquisition sys- 
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SECTION II 
VOLTAGE-TO-FREQUENCY CONVERSION METHOD 

The method of data acquisition that is to be treated in this studv is 
a voltage-to-frequency (V/F) conversion. The block diagram in Fig. 1 
depicts the setup of such a system. 

VOLTAGE 
PRODUCING 
TRANSDUCER 

V/F 

CONVERTER 

o ceo 
TRANSLATOR 
FREQUENCY 

COUNTER 
COMPUTER 

D 
TAPE 

RECORDER 

Fig. 1   Block Diagram of LRF V/F Acquisition and Recovery System 

The V/F converter develops output pulses at a rate precisely 
proportional to the input voltage.    The output pulses are recorded on 
magnetic tape for later data reduction.   The recorded signals are 
recovered by means of a translator, which works like a gated frequency 
counter that counts the pulses during a time interval, T.   The counts 
contained in a summing interval are converted to a representative volt- 
age, 
verter and summing interval of the translator. 

VT  , by a digital computer using the calibration of the V/ F con- 

To illustrate:   Let the V/F converter be adjusted so that the output 
is N0 counts in T seconds with the input shorted.   Then apply a calibra- 
tion voltage of Vc volts to the input of the V/ F converter; let Nc be the 
counts in r seconds of the output.    For a number of counts in the nth 
interval of T for an arbitrary input of V^(t) defined as NT , the following 
expression defines VTn: 

Nr. -N, 

N« - y. 
vr (i) 

But, because the V/F data recovery technique is an integrating 
method, 

N,n - N.  , Kv  f " Vi(t)dt (2a) 

and 
- K0 = f    Kv Vcdt =  KvVcr (2b) 



AEDC-TR-68.143 

where Kv is the gain of V/ F converter with units of pulses per 
second-volt. 

Substituting the definitions of Eqs.  (2a) and (2b) into Eq. (1), it 
becomes: 

I    "Vi(t)dt (3) 
nr. 

Equation (3) will be used to theoretically simulate the V/F conversion 
method of data acquisition and analyze the errors resulting from taking 
the value of VTn as a data point that occurs at the midpoint of the sum- 
ming interval from nr to (n+l)r and the points linearly connected to 
represent the input waveform.    Figure 2 illustrates this type of data 
acquisition and waveform reconstruction. 

V(t) 

 f INPUT 

OUTPUT 

Fig. 2  Example Illustrating the Summing Interval Method of Data i Representation 

Since the value VT    is an integral,, its value and the value of Vjft) 

9n+1 
—r—T, the time at the midpoint of the nth interval, are not at t = rn = 

always equal; therefore, the error analysis also investigates the data 
point error.   To distinguish the two, the lower case letter, e, desig- 
nates the error from linear interpolation and the upper case letter, E, 
is used to designate the error at data points. 
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SECTION III 
SINUSOIDAL INPUT 

2jrt For the sinusoidal analysis, let Vfo) = sin -=-, which is normalized 

for ease of application and does not affect the actual error analysis. 

Substituting this function in Eq. (3), the expression for the repre- 
sentative output becomes: 

/<n+ 1)T 

sin SZi- dt 
T 

«/I 
E_ (n+ l)T 

„D 2iri | 
T J 

T     r 2ff(n + l)r 2jrnr"l 

" " ^T Lcos ~~T C0S ~J <4) 

Using the identity from Ref. 3, page 18 for the difference of two 
cosine functions, Eq. (4) becomes: 

v T   T .    (2n + l)nr .   „-1 Vr    =  — Ism     •   sin — ! 
"        rrr   I T T,J 

(5) 

Letting the ratio T/T, which is the number of summing intervale per 
period, be designated with the letter m, the expression in Eq.  (5) becomes»: 

,, mi r ■      (2n~ l)n tT\ iR\ V-    =   —'sin      •   sin   - \o) Ta        it  L m mJ 

3.1   LINEAR INTERPOLATION ERROR ANALYSIS OF SINUSOIDAL INPUT 

An expression for e consists of n equations; therefore, the deter- 
mination of a maximum value is a tremendous task to perform manually. 
Consequently, a digital computer program was written to determine the 
errors for a sinusoidal input as m is varied from 1 to 25. 0 in increments 
of 0.1.   The program was designed to search the number of cycles that 
include a whole number of summing intervals.    The reason for this 
approach to the emax determination is that, after this number of cycles, 
the errors become repetitive.     By incorporating this test, the emax 

determination is expedited.   The program is listed in Table I-I 
(Appendix). 
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The solutions for emax versus m are plotted in Fig. 3.   The plot 
depicts an irregular relationship, and the most significant fluctua- 
tions are in the range of m = 1.0 to 3.0.   Therefore, little faith can 
be placed in the application of the basic sampling theorem of two sum- 
ming intervals per period to the V/F system.   Another significant 
factor is that, when the sampling rate is close to frequency components 
of the data that have prominent magnitude, the errors greatly reduce 
the accuracy of the data recovery. 

As an example of the use of Fig. 3, consider ein input voltage signal 
that contains a 50-Hz component.   What error would be introduced in 
the data reduction of this component if T were 10 msec?   What is the error 
for T = 2 msec?   For T = 10 msec, 

io3 

-(50) (10) 
=   2 

From Fig. 3, emax = 44 percent. 

For r = 2 msec, 

io3 

(50) (2) 10 

From Fig. 3, emax = 6 percent. 

Fig. 3   Plot of m versus emax for Sinusoidal Input 
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Figure 4 depicts the input-output relationship for these two summing 
intervals for the 50-Hz component.    , 

In order that emax be 5 percent or less for a sinusoidal input, m 
must be greater than 11. 4 and at m = 2, emax = 46 percent.   This indi- 
cates a large error at the rate given by the sampling theorem. 

if(t) 

.-.     INPUT 

M = 2 

M=IO 

Fig. 4 Input-Output Waveforms for Sample Problem 
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3.2 DATA POINT ERROR ANALYSIS OF SINUSOIDAL INPUT 

The error analysis for Emax is much simpler than for emax. 
data point error is defined by this relationship: 

since 

E  =  100 |Vj (rn) -  Vr„i 

lvi^lmax is equal to one* 

The 

(7) 

Combining Eqs.  (6) and (7) and substituting the normalized sinusoid 
with the definition of m included, the expression for E becomes: 

E  =  100   |sin i2n^JUff(l  -£sin-£-)| (8) 

Even though the error is expressible in one equation, many calcu- 
lations are required to find Emax.    Therefore, the program used to find 
emax a-Lso has an Emax °Ption«   These solutions are depicted in Fig.  5. 

Fig. 5   Plot of m versus Emax for Sinusoidal Input 

This plot of E max versus m is a smoother curve than the one for 
emax versus m.   The minimum value of m for all data points to be 
within 5 percent is 5. 7, and at the basic sampling rate given by the 
sampling theorem (two summing intervals /period), the data point is in 
error at a maximum by 36+ percent. 



AEDC-TR-68-143 

3.3 SYNCHRONIZATION EFFECTS ON ERRORS OF SINSUOIDAL INPUT 

The analyses of the sinusoid for emax and Emax have made the 
assumption that the sinusoid and the n = 0 interval' both started at a 
time when the value of the sinusoid was zero and had a positive slope. 
This section deals with the effects of synchronization upon emax and 
Emax* 

The input signal must be expressed with a synchronization param- 
eter, I\J.   The input then is: 

V,(t)  =  sin02L +  V>) 

Substituting this expression for V^t) into Eq.  (3): 

nT 

=   -   2^T  C0S   L~T  +   *\    "  C0S ITT— +   ^J 

Vr sin[(2n + i) T+ i\ • sinT (9) 

Using the definition of m, Eq. (9) becomes 

»r.  . 1 .hfkiJta. t #] .  . in   - I do) 

Since many solutions of Eq.  (10) are required to determine the 
synchronization effects, a program was written to vary m from 1 to 
25. 0 in increments of 0. 5 and to vary ifj from 0 to 180 deg in increments 
of 1 deg.    The solutions for the Emax option are in Table I and the solu- 
tions for the emax option are in Table II.   The program is listed in 
Table I-II (Appendix). 



AEDC-TR-68-143 

TABLE I 

Emox SOLUTIONS OF SYNCHRONIZATION EFFECTS ON SINUSOIDAL INPUTS 

DATA   POINT   ERROR ANALYSIS 

LARGEST SMALLEST DELTA 
M PS I '  E(MAX) PSI F(MAX) E(MAX) 

1.00 90.00 100.00 0.0 0.00 100.00 
1.50 3C.00 58.65 0.0 50.79. 7.36 
?.. OG 0.0 36.34 9C.00 O.CO 36.34 
2.5C 18.00 24.32 72.00 23.13 1.19 
3.00 30.00 • . 17.30 .. o.o . U.98 2.32 
3.50 90.00 12.90 0.0 12.57 0.32 
4.0C 4 5.00 9.97 0.0 7.05 2.92 
4.50 10.00 7.93 0.0 7.81 0.12 
5. or 1 P.. 00 6.45 0.0 6.14 0.32 
5.50 41.00 5.35 0.0 5.30 0.05 
6.00 CO 4.SI 30.00 3.90 0.60 
6.50 9C03 3.85 Ö.Ö 3.02 0.03 
7.00 90.00 3.32 0.0 3.24 0.08 
7.50 6.00 2.90 60.00 2.89 0.02 
9.00 22.00 2.55 90.00 2.36 0.19 
8.50 16.00 2.26 180.00 2.25 0.01 
9.00 10.00 _2.02 0.0 1.99 Ö.03 
9.5C 52.CO 1.81 0.Ö 1.81 0.01 

10.00 0.0 1.64 18.00 1.56 0.08 
10.50 73.00 1.49 12 0.00 1.43 0.00 
11. GO 8.00 1.35 180.00 1.34 0.01 
11.5C 43.00 1.24 CO 1.24 0.00 
12.CO 15.00 1-14 0.0 1.10 0'.04 
12.50 11.00 1.05 Ö.Ö i.Ö5 0.0Ö 
13.00 76.00 0.97 0.0 0.96 0.01 
13.50 10.00 0.90 0.0 0.90 0.00 
14.00 1C3.00 0.84 9C.00 0.B2 0.02 
14.50 34.00 0.73 0.0 0.78 0.00 

.   15.00 
15.50 

.. ..   6.CO 
32.00 

0.73 
Ö.68 

0.0 
180.00 

0.73 
0.6.8 

0.00 
" 0 . 0 0 

16.00 11.00 0.64 45.00 0.63 0.01 
16.50 loi. o'c 0.60 "  CO 0.60 0.00 
17.00 16.00 0.57 0.0 0.57 0.00 
17.50 85.00 0.54 108.00 0.54 0.00 

.__i.3..go.. 
18.50 

__...0..C._ . 
17.00 

0_.,51.. 
ö.4a 

10.00 
107.00 

0.50 
0.48 

0.01 
0.00 

-._!.?.. 00...   71.00 0.46 180.00 0.45 0.00 
19.50 67.00 0.43 60.00 0.43' 0.00 

...2.0.00 ... 9.00 - 0.41 OV.O 0.41 0.01 
20.50 11.00 .     0.39 180.00 Ö.39 0.00 

.21.00 
21. 50 

_  4.00 
23.CO 

0.37 
Q.36 

180.00 
21.00 

0.37 
0.36 

coo 
Ö.ÖC 

...22.00    . 33.00 0.34 90.00 0.34 coo 
22.50 2.CO Ö.32 12.00 0.32 0.00 
23.00 _5_ 9.0.0 0.31 0.0 0.31 coo 
2 3.50 6.ÖÖ 0.30 46.00 0.30 coo 

24.50 
8.00 ... 

46.00 
0.29 
0.27 

180.00 
136.00 

0.28 
0.27 

0.00 
0.00 

25.00 4.00 0.26 108.00 0.26 0.00 
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TABLE II 
SOLUTIONS OF SYNCHRONIZATION EFFECTS ON SINUSOIDAL INPUTS 

LU"?CST SMALLEST DELTA 
M PS1 F(MAX) PSI E(MAX) EIMAX1 

1.00 >:.r IC..CC 9.00 99.95 0.05 
1.50 T} . 0 0 12 3.67 0.0 113.77 6.91 
2.00 «0.00 ICO. CO CO 44.65 55.35 

2.50 90.00 76.61 CO 73.75 2.85 
3.00 <T.O0 58.65 CO 52.15 6.50 

3.5C 9C.C0 4 5.6«» CO 44.68 1.02 
4.CO 90.00 36.34 45.00 26.89 9.45 
4-.50 9CO0 29.47 CO 29. C3 0.44 
5.00 162.00 24.32 36.00 23.18 1.14 
5.50 90.00 20.38 164.00 2C.15 0.23 
6.00 90.OC 1 7.30 O.C 15.06 2.24 
6.5G 90.00 L4.86 55.CO 14.74 0.12 
7. CO 90.00 12.90 0.0 12.56 0.33 
7.5C 9C.CC 11.29 CO 11.20 CIO 
8.00 9C.CC 9.97 63.00 9.24 0.73 
8.50 90.00 d.86 CO 8.79 0.07 
9.00 90.00 7.93 0.0 7.79 0.14 
4.50 90.00 7.13 126.00 7 . C 3 0.05 

10.00 126.00 6.45 0.0 6. 14 0.32 
10.50 90.00 5.86 12^.00 5.81 0.05 
11.00 90.00 5.35 100.00 5.27 COS 
1 1.50 9C.00 4.90 69.00 4.B5 0.05 
12.CO 0.0 4.51 135.00 4.32 0.19 
12.50 54.00 <♦. 16 108.00 4.15 0.01 
13.00 9C.00 3.85 127.00 3.7^ 0.06 
H.5C 9C.00 3.57 23.00 3.53 0.04 
14.:c 90.^0 3.32 CO 3.19 0.13 
14.50 90.00 3.10 57.00 3.C7 C03 
lS.^G If«. CO 2.90 36.00 2.86 CO* 
15.*? 9C00 2.72 54.00 2.70 C02 
16.OC 0.0 2.55 55.00 2.47 0.0 8 
16.50 9C.00 2.40 19.00 2.38 0.02 
17.00 90.00 2.26 0.0 2.21 0.05 

17.50 90.00 2.13 103.00 2.12 0.02 
18.00 9C.00 2.02 104.00 1.97 0.05 
18.50 90.00 1.91 0.0 1.90 0.02 
lo.Of- 90.00 1.81 79.00 1.79 0.03 
19.5C 90.00 1.72 50.00 1.71 0.02 
20. CO 0.0 1.64 117.00 1.62 0.02 
20.50 90. CO 1.56 20.00 1.54 0.0 2 
21.00 90.CO 1.49 33.00 1.46 0.02 
21.50 9CC0 1.42 26.00 1.39 0.02 
22.00 «JO.OO 1.35 105.00 1.31 0.04 
22.50 90.00 1.29 18C00 1.26 0.0 3 
23.00 90.00 1.24 23.00 1.20 0.03 
2 3.50 «30.00 1.19 0.0 1.15 0.04 

24.00 0.0 1.1 + 43.00 1.09 0.05 
2 4.50 90.00 1.09 0.0 1.04 C05 

25. OC 11.00 1.05 108.00 L.C5 COO 

10 
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These solutions depict the cases in which the variations of Emax 

or emax are the largest.   The cases are the integer values of m and 
m with a decimal part of 0. 5.   All other values of m exhibit less varia- 
tion in Emax or emax as \)J varies. 

From Table I, 

for m > 6, AEmax < 0. 19 percent 

for m > 11.4, AEmax < 0. 04 percent 

for m > 14. 0, AEmax < 0. 01 percent 

The m > 11.4 values yield accurate recovery. 

From Table II, 

for m > 8, Aemax < 0. 32 percent 

for m > 11. 4, Aemax < 0. 19 percent 

for m > 16, Aemax < 0. 05 percent 

This clearly indicates that synchronization has negligible effect on the 
error at a summing interval-to-period ratio that is required to accu- 
rately recover the data. 

3.4  EXPERIMENTAL CORRELATION OF THEORETICAL ERRORS 

A verification, by actual errors encountered in the data recovery, 
of the theoretical treatment was desired; therefore, an experiment to 
determine actual errors was formulated.    For the input waveform,  a 
sinusoid was chosen.   There were, basically, two reasons for this 
choice:   (1) a sinusoid is easily obtainable from a sinusoidal generator, 
and (2) the frequency or period of cycle is a very important factor in the 
error of a signal. 

The VIDAR Data Acquisition System was set up with a sinusoidal 
generator connected to the input of a channel of the V/F converter.   The 
frequency output was recorded, using direct electronics, on a magnetic 
tape recorder.   The recorded tape was translated using a summing 
interval of 2 msec, and the raw counts were printed out. 

In order to gee the negative values of the sinusoid, the VIDAR was 
adjusted so that for zero input, the output counts were at midscale. 

11 
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Then a known voltage of 1. 5 v was applied, and the VIDAR. spanned to 
nearly full scale.   The count levels of these adjustments were: 

Ov Input = 25,003 counts/sec 

1. 5v Input = 47, 500 counts/sec 

The signal from the sinusoid generator was set at 20 Hz and 2 v 
peak-to-peak which is easily accommodated in magnitude by the chosen 
calibration voltage. 

Since the theoretical error analysis used m as the variable, m had 
to be determined for this case of the translation summing interval; m 
was defined as T/T or 1/fr; giving m = 1/20 (0.002) = 25. 

Synchronization of output and input for actual error analysis proved 
to be a difficult problem; therefore, since for an m of 25, emax = 1.05 
percent and Emax = 0. 26 percent, this linear interpolated curve was 
used as the reference or standard.    Small m's were obtained by taking 
two or more adjacent summing intervals at a time.   A computer program, 
depicted in Table I-III (Appendix), was written to do the task of summing 
up adjacent summing intervals.   The program limits the number of 
adjacent summing intervals to 13 since this gives an m of 1.92, which 
is below the level set forth by the sampling theorem.   Table III is the 
solution for this program which has the option of determining either 
emax or ^max- 

As shown in Table III, the maximum errors determined by the theo- 
retical approach were confirmed to be reasonably accurate; therefore, 
the general rule of thumb of 11.4 summing intervals per period for 
emax — 5 percent is a valid one.    This also indicates that the theoretical 
simulation is a reasonably accurate error determination technique. 

SECTION IV 
STEP INPUT 

In the theoretical analysis of errors of the V/F converter data 
acquisition system in following a step input, the time reference of t = 0 
is set at the start of the summing interval in which the step function 
occurs. 

12 
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TABLE III 
>mox and Emax THEORETICAL AND ACTUAL SOLUTIONS FOR SINUSOIDAL INPUT 

ACTUAL THEORY 
- II ECMAX) ECMAX) 

1.92 103.31 103.GU 
2.27 35.46 36.51 
2.73 Git. 50 U5.31 
3.57/ 43. 3 2 44.03 
5.01) 23. S3 23.13 
Ü.33 10.47 9.10 

ATA   PO'I NT' ERROR ANALYSIS 
■. ACTUAL- •THEORY- 

[-1 EC MAX) EC MAX): 

1.02 33.67 33.83 
2.27 23.57 23.83 
2.7G . 20.31 19.90 
3.57 13.U7, .' 12.38. 
5=.00's - - 32-00'': •     e.iit - 
a.33 4.76 2.35 

ACTUAL THEORY 
1-1   " - ECtAX) ECMAX) 

2.OS 94.32 05.63 
2.5U 7 5.63 73.76 
3.13 54.01 54.89 
4.17 '33. 7Ü 33.75 
0.25 16.34 15.93 

12.50 5.35 4.15 

-ACTUAL i. iTHEORY 
M ECMAX) -EC MAX) 

2.03 32.33 33.75 
2.50 22.35 23.13 
=3.13/' . -15.35' 15.93 
4.-17 * -•'- 8.57 ■  -9.19: 

-öv25=- K-4.29-- - -4.15 
12.50 0.01 1.05 

The input waveform, a normalized step function,  is denoted by the 
symbol: 

Hi d -a)  = J°  l< 

For this analysis, the input is: 

Vi(0 - ,1, (t - Kr) 

where O < K < 1 is the shift of the step with respect to the summing 
interval reference. 

(11) 

(12) 

Using Eqs.  (3) and (12) to find the output, the particular interval 
for n = 0 is the only one of interest since in all intervals for n < 0, 
VTn = 0, and in all intervals for n > 0, VT    = 1. 

The interval for n = 0 has an output value of: 

(t  -  Kr)dt Vr.   =   f f   P, 

1   -   K (13) 

13 
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The input-output relationship is depicted in Fig. 6. 

OfLK <L |/2 

kf(i) 

1/2 < K  £ 

Fig. 6   Input-Output Waveforms for Step Input 

14 
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4.1  LINEAR INTERPOLATION ERROR ANALYSIS OF STEP INPUT 

As shown in Fig. 6, the maximum error occurs at t = KT.    Point a 
is used to designate this intersection of the input and output waveforms 
at t = KT.   The output line from t = - — to — is designated V0. (t), and 

T 3 T* 
the output line from t = — to — is designated V02 (t).   For 0 < K < 1/2, 

point a occurs on the output line V0, (t).   The equation for this line, 
1 T 

which has a slope of - (1-K) and passes through the point (-—, 0), is: 

Since IVj (t)| max = 1, 

v0 (t) = -Mi - K)(t + 9 
\ T 2 

emax  =   100 V0i (Kr) 

=   100 (L  -   K)(K  "+•   %) 

=  50 (I  -  K -   2K2) (14) 

for 0 <K < 1/2. 

For 1/2 < K < 1, point a occurs on the output line V02 (t).    The 
equation for this line, which has a slope of K/T and passes through the 

point (g—,  1), is: 

Likewise, 

v02 (t) - f (t - f) + 1 

smax  =   100 []   -   V0ä   (KT)] 

= -100K (K - 3/2) 

=  150K -  100K2 

=  50 (3K - 2KS) (15) 

for 1/2 <K< 1. 

Figure 7 is a plot of emax versus K using Eqs.  (14) and (15).    As 
can be seen, emax varies from the lowest value of 50 percent at K =0, 
1/2,  and 1 to a highest value of 56. 25 percent at K = 1/4 and 3/4. 
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Fig. 7   Plot of K versus emax for Step Input 

4.2 DATA POINT ERROR ANALYSIS OF STEP INPUT 

For this input signal,  all data point errors are 0 percent with 
the exception of the one for n = 0.    This data point of interest occurs 
at time t = T0 or 0. 5. 

Using Eq.  (13) and the fact that |vi(t) | max = 1, the Emax for step 
input is: 

100   |V5(r0)   -   (]   -   K)| (16) 

However, Vi<T0) is dependent on the value of K in the following 
manner: 

Jl      0   <   K   <   0.5 
Vi(ro)   =    |o      0.5  <   K<    1.0 (17) 

Combining Eqs.  (16) and (17), the maximum error becomes: 

nooK 0  <  K  < 0.5 
Emax   =      j100     (1   _   K)    0.5   <   K   <   i.o 

16 
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A plot of Emax versus K is shown in Fig. 8.   As was the case in the 
total error, the maximum data point error is independent of the summing 
interval length and is a function of K alone. 

,._,     l  J— M         ,        ...          ,.                    (                 ...,r— ........     J 
. y t: ..r.    -H- - H—    - -r-    -      - -    -      —,-    H—      -, 1 1— 
 !]£*I ::::::::::::::: x::::::::  
- 

 Hj^-i 1 i 1 ! 1 r--  ^5:__q: if: ^___^z q:___^:j 
— —      —    _     .._   _    — _._,  —.. — 

__    __    — zf—      .    _|__             7i\~           -      - -         - ---    " - --- 
__     _           _       __     __ _~ii~-  S"   "_i_  "     _i_   "  "_|_  

-J—4^I._.I _._ __U___?ZL—_L\ 1 H  
\              /                  i      \                                    T 

._   _     — __   __ _. __2^   __ __     __ __      s   _— __ __ __   _     ___ 
-1-- -         ^?                T._        r . ij.   -         y      T 

 -M~y---i---+l
i s

s  
::::::: ::: :: ~z_ ::: ::     ::    :-;~~ ~ ~~ ss "" "" ~: : 

:::i::::::z?::^::::^:::::+::::J:::::::::::::::::='=::^-=l=::::^i:: 
 r-i)—G 1  *+■ i-i» 
—-:P=--i>:-—-S^^ ^-^--T-^Hr--—01 :p--^:r—:t_ 

Fig. 8   Plot of K versus Emax for Step Input 

4.3  TIME DELAY ANALYSIS OF STEP INPUT 

The determination of time delay, i. e., time for the response of 
the linear interpolated output to be within 5 percent error, was desired. 
The notation TQ is used for this parameter. 

This determination must, like the error analysis, be divided into 
two parts.    Likewise, the first part uses the output, V01 (t), in its deter- 
mination.   The ranges of K, however, are not the same.   In using V01 (t), 
the following inequality must be satisfied: 

0.05 

Since VQ1 £) = 1-K, Eq.  (18) defines the limits of K to be: 

0 < K < 0.05 

(18) 
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For a time delay of TJJ, the actual time t = TQ + KT, and from the 
equation for V01 (t), 

V0l (TD  -r  Kr)  =  0.95 =  } (1   -  K)  (TD +   Kr +  j-) 

Solving for TD, 

0.45   -   0.5K   +   K* (19) TD   = 1  -   K 

for 0 <K < 0.05. 

The second part, 0.05 < K < 1, uses V02 (t) in the determination of 
T£>, with t = TD +KT. 

V"o2 (TD +  Kr)  =  0.95  =  — (TD  +  Kr -  1.5r)  +   1 

Solving for TQ, 

for 0.05 <K< 1. 

Tn  = TO-05  +   1.5K  -   K2 

K2 (20) 

Using Eqs.  (19) and (20), a plot of Tj^ versus K is depicted in 
Fig. 9.   As shown in this plot, TJJ varies from a minimum of 0. 449T 

to a maximum of 1. 053T. 

i+fi 

I 

Fig. 9 Plot of K versus Trj for Step Input 

18 



AEDC-TR.68-143 

The step response will always appear to be a ramp.    For K = 1/2, 
the rise time of the ramp is IT sec,  and for K = 0 or 1, the rise time 
will be T sec; therefore, to minimize this effect, T must be made as 
small as possible.   Also, the output will respond to within 5 percent 
error in a delay time, Tj), of approximately T. 

SECTION V 
RAMP INPUT 

In order to theoretically analyze the error of the V/ F converter 
data acquisition system in the data recovery of a ramp input, time, 
t = 0, is set at the start of the summing interval in which the ramp 
function begins. 

The ramp function is defined as: 

(0 i<a (0 i<a ,     , 
li2 (t - a) =  < (21) 

U-o      i>a 

For a normalized ramp function which has a rise time of ß summing' 
intervals, the input function is expressed as: 

Vi(t) = J- [fr (t - Kr) - ^ (t - (K  f ß) r)] (22) 

The value of VT    is dependent upon the value of K + ß.    For 

(K + ß) < 1, the combination of Eqs.  (3) and (22) becomes: 

V,    - -L f     ta (t -  Kr) - ttt (t - (K +  |8) T)] dt 
ßf J0 

=  —  I (t   -   Kr)dt   +  -   I dt 

(K + j8)r       T 
1       [Jjt»  -   Krt]        +   Ml] 

ßr2 Kr        iT     (VL-rß)T 

_L VA (K +  ß)W -  '/iK1 ^  - K (K  + ß) 7* +  K2 r2] 
ßr' 

+  i [r -   (K  +  j8) r] 

£ + 1 - (K - ß) 

= 1 - K - i <23) 

for 0 <K + ß< 1. 
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For (K + ß) > 1, VT   is defined by the integral: 
TO 

Vr„  = 
JSI* 

f (t -  Kr)dt 
J*LT 

-i-[J4t2 - Kn]     = -L [Js - ^K2 - K + K2] 
/3r2 Kr      0r' 

(1 - K)2 

2)8 
(24) 

for (K + ß) > 1. 

For all summing intervals up to, but not including, the one in which 
the ramp breaks to a zero slope, the value of the output is equal to the 
value of the input at the midpoint of the summing interval.    That is: 

for 0 < n < Int (K + ß). 

Vr„ - V, (A±l ,) 

For the interval n = Int (K + ß), the output value is: 
JK+j8)r (n-l)r 

Vr.   - j£rj (t  -  Kr)dt   +   if dt 

1     ri (K+j8)r      ,      (n+l)r 
—[}*t2  -  Krt] +  I[t] 
/Sr2 nr 

/3)r 

+ ] 

'i(K   *   AW K (K + ff) - iJ-+ Jff-+(n - ^-(K + ^ 
= (n  +   ]) -  K  -  0/2 -  iS. K)2 

2/8 

Figure 10 depicts the input-output relationships for a ramp 
function. 

^INPUT 

Fig. 10  Input-Output Waveforms for Ramp Input 

(25) 
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5.1   LINEAR INTERPOLATION ERROR ANALYSIS OF RAMP INPUT 

As shown in Fig.  10, the emax occurs at either t = KT or t = (K + /3)T; 

therefore, emax is equal to the maximum of these two values.    An expres- 
sion for the emax is so cumbersome to deal with manually that a digital 
computer program, depicted in Table I-IV (Appendix), was written to 
calculate the many solutions required to determine the minimum j3 for 
5 percent or less error.   The program calculates the ßmin for 
emax — 5 percent; then ß is varied from 0.1 to ßmin in increments of 
0. 1 for K = 0. 0 and 0. 50 and the value of emax determined for each set 
of parameters.   The family of curves that was calculated is depicted in 
Fig.  11.   These two values of K are the extreme cases; all other values 
are in between.    The plots in Fig.  11 indicate that a value of j3 > 5. 0 
assures a response within 5 percent. 

Fig. 11   Plot of emax versus ß for Ramp Input with K Constant 

5.2 DATA POINT ERROR ANALYSIS OF RAMP INPUT 

The value of Emax,  as shown in Fig.  10, occurs at either ti = 1/2T 

or t2 = lint (K + ß) + 1/2] T. The expression for Ernax is the maximum of: 

or 

Et = 100 |V;(!ir) - VrJ 

E2   =   100   lV;(2n±Jr)   -   VrB' 

where n = Int (K + ß). 
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ER m 

:-. 

ii i 

alia £ fiiiii Jt 

Fig. 12   Plot of Emax versus jSfor Ramp Input with K Constant 

The digital computer program that calculates emax was written for 
the Emax option also.   The value of /3min for Emax < 5 percent is first 
calculated; then j3 is varied from 0. 1 to ßmin in increments of 0. 1 for 
K = 0. 0 and 0. 5, since these errors are the extreme cases, and the 
value of Emax determined for each set of parameters.    Figure 12 depicts 
the family of curves that was calculated.    These plots indicate that, for 
a value of j3 > 2. 5, the data points are in error by 5 percent or less.    To 
illustrate, for a summing interval of 2 msec,  any ramp with a rise time 
of 5 msec or greater will be reconstructed with all data points within 
5 percent error. 

SECTION VI 

SUMMARY AND CONCLUSIONS 

6.1   SUMMARY 

A voltage-to-frequency data acquisition system was theoretically 
analyzed for errors that occur when it is used as a sampling system. 
Since the standard sampling theorem is not directly applicable, the 
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system was simulated on a digital computer to aid in the determination 
of parameter criteria for expected levels of accuracy for sinusoidal, 
step, and ramp inputs. 

Parameter limits were determined for such parameters as m, 
summing intervals per period of a sinusoid, K, delay of step and ramp 
inputs with respect to start of summing interval, and ß, ratio of ramp 
rise time to summing interval length. 

An investigation of the effect of signal synchronization was accom- 
plished for the sinusoid, and an experiment was performed, using a 
sinusoid, to determine the validity of the theoretical solutions. 

6.2 CONCLUSIONS 

The voltage-to-frequency conversion for data acquisition does not 
offer accurate recovery (5 percent error) of sinusoidal data until the 
ratio of summing interval to period is about 11.4, i. e. ,  11.4 summing 
intervals per period.   This means that for a 2-msec summing interval, 
any frequency component above 43. 9 Hz has a maximum error greater 
than 5 percent and, from Fig. 3, any component of 151. 5 Hz or greater 
is in error at its maximum by more than 50 percent. 

The voltage-to-frequency conversion system has an inherent error 
because all data points do not coincide with the input waveform.   For 
the sinusoid, the ratio of summing intervals to period must be 12. 8 for 
the data point to be within 1 percent of the input waveform.    At the value 
of m = 11.4,  emax was 4. 95 percent and Emax is 1. 26 percent; there- 
fore,  a sizeable portion of the error is the result of the data point error. 

The step input error is independent of the summing interval and is 
symmetrical with respect to K =0.5 for both emax and Emax.    However, 
delay time, time required to bring the output to be within 5 percent of 
the input, is a function of K and T, and as K varies, the time delay 
varies in the range from 0. 45T to 1. 05T. 

Ramp inputs can be followed within 5 percent if the ratio of ramp 
rise time to summing interval is larger than five. This is to say that 
a 2-msec summing interval can accurately follow a ramp of rise time 
greater than 10 msec. 

The ramp function has an unusual Emax versus ß for constant K 
relationship. At low and high values of K, the Emax oscillates as a 
function of ß.    At midvalues of K, the relationship is nearly exponential. 
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If jS > 12. 5, all data points are within 1 percent of the input waveform. 
The reverse conditions exist in the relationship of emax versus ß for 
constant K. 

An additional error that may be significant at small summing 
interval lengths is resolution error from the low pulse counts that 
occur.   However, errors from resolution were not included in this 
analysis. 
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APPENDIX 

COMPUTER PROGRAMS 
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TABLE l-l 

COMPUTER PROGRAM TO FIND Emox AND emox FOR A SINUSOIDAL INPUT 

AS m VARIES FROM 1.0 TO 25.0 IN INCREMENTS OF0.1 

L.0O01 /JOB GO,T|ME=10 
L.0002       DIMENSION XMA< 2i»l),DI FMA( 2M) 
L.00O3 C     IND=0  (E(MAX) FOR DATA POINT)       . . ' - 
L.OOült C IND-1     (E(MAX)   FOR   LINEAR   INTERPOLATION  AT  ANY   POINT) 
L.00O5 READ(5,1)   1 NO 
L.0006 1 FORI1ATCI10) 
L.0007 PSI=0.     - ..,.'.   ,   ;.   , 
L.0008 DO   103   111=10,250 -  '   ,' '. --  '  '  r 
L.0009 l-IM-9 -'.     ' T   -   • 
L.Ü010 XI1»FLOAT(IM)/10. 
L.0011 XIIA(I)=XI1 
L.0012 DIFflACI )=VEMAX(XM,P5I, IND) 
L.0013 103   CONTINUE. - 
L.001I» WRITE(6,2) . .<**.,« 
L.0015 2 FORMATCl')       * ' " ':   :: 
L.Ü016 IF(IHD)100,100,101 
L.0017 100  WRITEC6,3) 
L.0018 3 FORMATClOX"DATA   POINT   ERROR  ANALYSIS1/) 
L.0019 101  t/RITE(G,l») (XMAt J ),DI FMA( J), J=l,2l*l) 
L.O020 l» FORMAT(«f(5X,M,l»X,E(HAX),,I*X)//lj(2F8.2,UX))' - 
L.O021 STOP, .■:•.., 
L.0022 END 
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TABLE l-l   (Concluded) 

L.0001 FUNCTION  VCMAXCXM,PSI,IHD) 
L.0002 DIMENSION   FA(252),TA<252) 
L.0Ü03 PI=3.1U1592G 
L.OOOi* P5I=PSI*PI/180. 
L.0005 IF(XM-25.)99,99,93 
L.0006 98 STOP   2525 
L.0007 99 DO   110   1=10,100,10 
L.000S XP=0.001 
L.0Q09 DO   109   1-1,2  . 
L.0010 IXC=XM*FLOAT(L)+XP 
LOOll IF(IXC-(IXC/10)*10)103,103,110 
L.Ü012 108 XP=XP+0.9 
L.0013 109 CONTINUE 
L.OOll» GO   TO  111 
L.0015 110 CONTINUE 
L.Ü016 111 HS-<IXC+25)/10 
L.0Ü17 ARG1-PI/XM 
L-.0018 EMAX-O. 
L.0019 DO   100   N=1,H5 
L.O020 XN-H-2 
L.Ü021 ALPHA-2.*XN+1. 
L.0022 TA(N)-ALPIIA/XM/2. 
L.O023 ARG2=ALPHA*ARG1+P5I 
L.002I* FA(N)=SIM(ARG2)*SIN(ARG1)/ARG1 
L.0025 GRR=*ABS<S1N(ARG2)-FACN)) 
L.0026 EMAX-AMAX1C ERR, EMAX ) 
L.0027 100 CONT1NUE 
L.0028 IF(IND)103,103,101 
L.0029 101 EMAX-O. 
L.Ü030 IXS=TA(NS)*100.+1. 
L.0031 DO   102   1X-l,IXS 
L.0032 X=FLOAT(IX)/100. 
L.0033 TEST=*TAB2(FA,TA,X,NS) 
L.0031* DEV=»AG5(SIN(2.*PI*X+PSI )-TEST) 
L.O035 CHAX=AMAX1(EMAX/DEV) 
L.0036 102 CONTINUE 
L.0037 103 VEMAX=EMAX*100. 
L.0038 RETURN                               ■       ."   '  *    -\ - 
L.0039 END--. 
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TABLE III 
COMPUTER PROGRAM TO FIND THE LARGEST, SMALLEST, AND DELTA 

Emax OR emax as ij, VARIES FROM 0 TO 180 deg IN INCREMENTS OF 
1 deg AND m VARIES FROM 1 TO 25 IN INCREMENTS OF 0.5 

0001 DIMENSION   TA(252)tFAI252) 
._ QO 02 PJ = 3...14 1.592 6    

0003 DO   906   ND=lt2 
.. JlQflft. 1H 0=N.D_TJ  
0005              WRITEI6,1) 

_ 0006 1_ FORMAT ('I' )  
0007 IF(IND)902,90~2,903 
0008 902_WRITE(.6tJ). . _.   ..    ._ .___     
0009 2   FORMAT"(//lSX'OATA   POINT   ERROR  ANALYSIS«) 

__0.0_LO J[Qi_WRJJ_E_L6i_3J  
0011 3   FORMAM^X'LARGEST'ISX« SMALLEST          DELTA'/7X 

 1»_MJ Z X 2J 6X 1£ SI • 5X'E<HAX)'),4X'E IM AX)_M  
0012 DO 906 IM=10f250,5 

_ J3012 XM=FLQATIIM)/10.  
0014                                  DO   99   I = 1, 252 

 Q0..15. 99   TAIll=I2.*FL0ATtI-2)+l.)/XM/2.  
0016 EMAOUT=0. 
0017 E M 10JJ.T« 150_.  
0018 00   102   L=10,100,10 
oo.i9        xp=o_..p_oi  
0020 DO   101   1=1,2 
00 21               IXC=XM*FLOAT(L)»XP  
0022 IFUXC-UXC/10)*10) 100, 100,102 
0023 _ _ 100   XP=XP*-G_.9  
00 24 101   CONTINUE 
0025     _  _   GO TO 103    
ÖÖ26 1Ö2 CONTINUE 
0027 _i03   NSf_CJXC+25)_/10  
0028 AR~G1=PI/XM 
0029 _ DO  900   1-1,181  
0030 CSl=I-l 
00 31    .      _P_S_I?CSI*PI/_180.  
00 32 EMAX=0. 
C033    ._ DO   LQ4 _N.=J.„tNS  
00 34 ÄRÜ2=(2.*FLUAT(N-2)+l.)*ARGi*PSI 
00 35_        _   FA(N) = S1NI ARG2)*SINIARG1)/ARG1  
0036 ERR=ABSisYN(ARG2)-FA(N) )~*100. 
0037 EMAX=AMAX.U.EM«E.MA.X)..  
00 38 104   CONTINUE 
0039 _   IF(IND)107,107,105  
0040 105 EMAX=Ö. 
0041         IXSrTA.(.NS_)*_10p_.  
0042 K=2 
0043  DO 106 IX=_1,_IXS  
0044 X=FLUAT(IX-!1/100. 
0045 _ 701   OIF=X-TAjK)  
0046 IF(DIF)703,703,702 
0047 702   K=K+1  
0048 GO   TO   701 
0049 703   DEtf=ABS{SIN(2.*PI*X+PSI)-DIF*(FAIK)-FA(K-l)J 

1/(TA(K)-TA{K-1>)-FA(K))*100. 
0050 EMAX=AMAX1(DEV,EMAX) 
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TABLE l-ll   (Concluded) 

CO 51 10f> 
G?52 107 
00 53 800 
CC54 
0C55 aoi 
0OS6 80 2 
00 57 
0058 900 
0059 
CCftO 
0061 4 
00 6 2 906 
0C6 3 
0064 

CONTINUE 
IF(E^ACUT-EMAX)800,80It 801 
EM,VIÜT = EMAX 
PSIL=CSI 
IFC=flAX-EMI0UT)8 02,9G0,90C 
EMinUT=EMAX 
PSIS=CSI 
CONTINUE 
DlFM4=E1AOUT-EMIOUT 
WRITE(6,4)    XM,PSILrEMAOUTfPSIS,EMIOUT,DlFMA 
FCI<*MAT(6F10.2) 
CONTINUE 
STOP 
END 
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TABLE l-lll 
COMPUTER PROGRAM TO.COMPARE THEORETICAL AND ACTUAL 

«max or Emax FOR SINUSOIDAL INPUT 

X 

L.üüui /Jon fio,Tir.E=io 
L.0ÜÜ2        DIMENSION DATAC202),FA(232),TA(292),FD( U*0),TSC 140), 
L.ÜÜÜ3      1ÄM(12),EMA:C(12),ET;IAXC12) 
L.O00I*        HEAD(5,1) INI), IZC, IUC,VU,")A7A 
L.0ÜÜ5 1 rORMAT{3llO,ri0.3/UGr5.1>) 
L.000Ü       WRITE(G,2) 
L.ÜÜÜ7 2     FORMAT('l') 
L.000C        TAU-Ü.002 
L.ÜOÜ'J        VKT=TAU*FL0AT(1UC-IZC)/VU 
L.001Ü       ZF=i:LOAT(IZC)*TAU 
L.üoii     VMAX=O. 
L.UÜ12        1)0 10Ü 11=1,292 
L.Ü013        TA(IJ)=FLOAT( 2*11-27) «TAU/2. 
L.001U        FA(N)=CDATACN)-ZF)/VI;T 
L.ÜÜ15 1ÜU   VilAX=Ai1AXl(V;iAX,ASS(FA(N))) 
L.UÜ1G        !)() 10'* J=2,13 
L.0017        XJ=15-J 
L.Ü013        TAUJ=TAU*XJ 
L.üül'J        VKTJ=VKT*XJ 
L.UÜ2Ü TZCJ=ZF*XJ 
L.O021 XM(J-1)-U.U5/TAUJ 
L.Ü022 ET:iAX(J-l)=VE,iAX(Xi1(J-l),0., IND) 
L.Ü023 Eilii =U. 
L. 1)021» i; = 27!)/(15-J) + l 
L.U025 1)0   102 .L=1,U 
L.002C DM-0. 
L.0027 LL=l4+U5-,J)*U-2) 
L.0Ü2SS LU = LL+l''»-d 
L.0023 DO   101   l=LL,LU 
L.U030 1Ü1      mi=m:+DATA( I ) 
L.0031 FB(L) = (UII-TZCJ)/VI;TJ 
L.Ü032 TR(L)=FLOAT(2*L-3)*TAUJ/2. 
L. 0033 VV1-TAB2C FA,TA, TBC L) , 2'J2 ) 
L.0031» i-RR*Ar.AXl(Ar>5(VVl-Fr>CU),EP>:n 
L.0U35 102        CONTINUE 
L.OOJG IF(i;JO)105,105,106 
L.0037 1ÜG        ERR=0. 
L.U038 DO   103   1=1,1001 
L.0039 Ti;iF.=FLOAT( I-l)*0.0005 
L.OOliO VV1=TA32(FA,TA,TI(1E,292) 
L. 001*1 VV2*TAB2(l:B,TB,TIME,IO 
L. 001*2 103        EliR=AMAXl(AB5(VVl-VV2)/EU:i) 
L.0043 105       EMAX(J-1)»ERR/VMAX*10U. 
L.OÜI*«* lOi*        CONTINUE 
L.001*5 IF(IIJi))107,107,100 
L.OOUG 107       WKITE(G,3) 
L.U0(*7 3 FORMATClOX'DATA   POINT   LiUüii   ANALYSIS') 
L.00« 1ÜS       WRITECli,!*)   (XI!<J),Ei1AX(J),ETI1AX(J),J=l,l2) 
L. 001*9 l* FOR(IAT( 2(20X1 ACTUAL" 2X' THEORY' i*X)/2(15X'M'i*X'ECMAX)'2X 
L.0050 l'E(MAX),J*X)//2(10X3F3.2,l*X)) 
L.O051 STOI> 
L.0052 END 
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TABLE MV 

COMPUTER PROGRAM TO. FIND ema^OR Emox FOR A CONSTANT K AS ß 

VARIES FROM 0.1 TO 12.0 IN INCREMENTS OF 0.1 

L.noni /JOB fio 
L.0002 DIMENSION  ERR_(.150.>/.B.(150)   
L.0003 C IND=0      (E(MAX)   FOR   DATA   POINT) 
L.OOOi» C IND = 1     (E(HAX)   FOR   LINEAR   INTERPOLATION   AT  ANY   POINT) 
L.0005 DO   105   .J = l, 2 
L.0006 IND=2-J 
L.0007 WRITEC6,2) 
L.0008 2 FORf1AT(.!l')       
L.0009 IF( I HD) 9 7, 1)7, 38 
L.0010 97 IP=21013fi2752 
L.0011 GO   TO   99 
L.0012 98 IP=107795257G      . 
L.1)013 99 NB=120 
L.0011 DO   105   1=1,11.        
L.0015 XK-FLOATU-DA. 
L.0016 DO   lüa   | n=l,»B .... .   
L.0017 B(IB)=FLC)AT(IB)*0.1 
L.0018 ERR(IB)=EI1AXR(B(IB),XK, IND) .    . 
L.0019 101»        COHTIHUE 
L.0020 WRITE(6,3)    I P,XK, (BUB-lv-ERIU.LB.).,J.B=.l,JJB.). 
L.0021 3 FORHAT(//'   ERROR ANALYSIS  FOR  BETA'Al1   WITH  K  =   'F5.2 
L.0022 1//6(I|X'RF.TA     E(MAX) ' 4X)//BC 2F8. 2, l+X)) ... .   ' 
L.0023 105       COHTIIiUE 
L.0021» STOP 
L.002 5 END 
L.0026 FUNCTION_EUAXR(BETA,.XK, LUD) ^  
L.0027 DIMENSION   FII(23)/TN(23) 
L.0028 C IND=0      (E((IAX)   FOR   DATA   POINT) 
L.0029 C INO=l     (ECMAX)   FOR   LINEAR   INTERPOLATION   AT  AMY   POINT) 
L.0030 RA;iPF(T)=AMir:i(l./AllAXl(T-AK/0.)/BET.A) 
L.0031 FN(1)=0.0 
L.0032 TN(1)—0.5   _   
L.0033 DO   100   .J = 2,23 
L.003I» TN(J)=TN(J-1) + 15   
L.0035 100        FN(J)=1.0 
L.0036 TS1=XK+RETA ..    .     _       ... 
L.0037 IS1=TS1 
L.0038 TS2=I51   
L.0039 IS2=IS1+1 
L.00U0 TS3=TS2-XK ..       . . 
L.OOlil FN(2)=l.-XK-BETA/2. 
L.001*2 IF(131-1)105,101,101 
L.00U3 101        FN(2)=(l.-XK)**2/BETA/2. 
L.0041+ . IF(ISl-?.)10.n,102,102  
L.00i»5 102        DO   103   J = 3, IS2 
L.00U6 103       Fri(J)=RAHPF(TN(.J)) .... 
L.001*7 101»        FN(IS2+l)=TS3+l.-(BF.TA+TSJ**2/BETA)/2. 
L.00U8 105        IF(IND)106,106,107 
L.00IJ9 106        Efll=ABS(RAflPF(0.5)-r;.{2)) 
L.00 50  ....F.f12.=Ar.S(RAn£E.aj5^±fl^i=£i.QiL2.+ lJÜ  
L.0051 GO  TO   10« 
L.0052 107        F.I11=ABS(TAn2(FN,TN,XK,.13.))        . 
L.0053 Efl2=ABS(TAB?.(FN,TtJ/TSl/ 13)-1.) 
L.005'» 108        EMAXR«AIIAX1(EH1,EM2)*100. _   
L.0055 RETURN 
L, Ü 0 5_6 EUD , _ =^. —— 
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